Abstract Dysfunction in circuits linking frontal cortex and basal ganglia (BG) is strongly implicated in obsessivecompulsive disorder (OCD). On MRI studies, neuropsychiatric disorders with known BG pathology have abnormally short T2 relaxation values (a putative biomarker of elevated iron) in this region. We asked if BG T2 values are abnormal in OCD. We measured volume and T2 and T1 relaxation rates in BG of 32 adults with OCD and 33 matched controls. There were no group differences in volume or T1 values in caudate, putamen, or globus pallidus (GP). The OCD group had lower T2 values (suggesting higher iron content) in the right GP, with a trend in the same direction for the left GP. This effect was driven by patients whose OCD symptoms began from around adolescence to early adulthood. The results suggest a possible relationship between age of OCD onset and iron deposition in the basal ganglia.
Introduction
Obsessive-compulsive disorder (OCD) is a serious and often debilitating psychiatric illness, characterized by intrusive and persistent unwanted thoughts, impulses, or images (obsessions); or by physical or mental acts that sufferers feel driven to perform (compulsions) (American Psychiatric Association 2000) . OCD affects approximately 2.2 million American adults, or about 1% of the population age 18 and older, annually (Kessler et al. 2005) . A number of functional and structural neuroimaging studies have implicated aberrant modulation of circuits linking frontal cortex, basal ganglia, and thalami in the neuropathophysiology of OCD (Atmaca et al. 2006; Aylward et al. 1996; Baxter et al. 1996; Choi et al. 2006; Jenike et al. 1996; Robinson et al. 1995; Saxena et al. 1998; Scarone et al. 1992; Szeszko et al. 2004) . In a number of case reports, focal injury to the basal ganglia, especially the globus pallidus, was associated with the onset of OCD symptoms (Demirkol et al. 1999; Escalona et al. 1997; Laplane et al. 1989) . Such observations highlight the potential role of the globus pallidus in OCD, particularly since the globus pallidus gives rise to the main inputs from the basal ganglia to the thalamus (Blumenfeld 2002; Larson et al. 1982) . The basal ganglia, working in concert with the frontal lobes, are critical for the execution of goal-directed movement and its behavioral and emotional control (Hollerman et al. 2000; Saint-Cyr et al. 1995; Stathis et al. 2007; Suvorov and Shuvaev 2004) . Recent work with primates (Haber 2003) indicates that these functions are subserved by two indirectly linked networks: a striato-nigral-striato network (including the globus pallidus) and a thalamocortical-thalamic network. Feedback and feed-forward connections within each network facilitate transfer of information from limbic, to cognitive, to motor circuits. The networks provide a neural framework supporting effective action decisions in response to environmental cues. These anatomical insights coupled with the results of neuroimaging studies highlight the potential importance of the basal ganglia in OCD-a disorder characterized by inappropriate responses to external and internal stimuli.
The basal ganglia have a high concentration of stored iron, particularly in the globus pallidus, which has the highest iron concentration in the brain (Bourekas et al. 1999; Brooks et al. 1995; Drayer et al. 1986; Gerlach et al. 1994; Guillerman 2000; Steffens et al. 1996; Vymazal et al. 1999) . Iron is absent from the brain at birth but accumulates rapidly during the first two decades of life and continues to do so throughout life in the putamen and caudate, with less clear evidence of accumulation in the globus pallidus (Drayer et al. 1986; Martin et al. 1998; Xu et al. 2008) . Iron has a role in oxidative metabolism and is involved in the synthesis of neurotransmitters and myelin (Pinero et al. 2000) . Iron also promotes conversion of hydrogen peroxide to hydroxyl radical which may contribute to oxidant stress (Loeffler et al. 1995) and neurodegeneration (Brass et al. 2006) . Most iron in the brain is bound to a protein, ferritin (Friedman et al. 2006; Harrison and Arosio 1996) , which mitigates the harmful effects of free (unbound) iron.
Ferritin shortens T2 (spin-spin) relaxation times and increases relaxation rates (1/T2) on magnetic resonance imaging (MRI), causing hypointensity on T2-weighted images. Ferritin has minimum effect on T1 relaxation times (Vymazal et al. 1993 (Vymazal et al. , 1995a . T2 signal decreases with a characteristic trajectory as a function of age-dependent increases in ferritin-bound iron concentrations (Bartzokis et al. 2007 ). Inter-regional phase differences on T2 also correlate with differences in post-mortem brain iron content measured histologically with Perl's iron stain (Drayer et al. 1986) . Accordingly, T2 signal may provide a sensitive marker for disorders that are associated with an increase in brain iron concentrations.
Several T2 MRI studies have found evidence of increased iron in basal ganglia of patients in the context of neuropathology, e.g. Parkinson's (Chen et al. 1993; Kosta et al. 2006) , multiple sclerosis (Drayer et al. 1987) , or Alzheimer's disease (Bartzokis and Tishler 2000) . Regarding earlier-onset illnesses, subcortical T2 abnormalities have been a focus of interest in Tourette syndrome, OCD, and attention-deficit hyperactivity disorder (Peterson et al. 1994) . One study showed a relationship between serum ferritin and putamen volume in Tourette syndrome (Gorman et al. 2006) . None of these studies in early-onset illnesses, however, used T2 relaxometry, which is thought to reflect iron content more specifically than conventional T2 imaging. It is unclear whether the increased iron concentrations are a cause or consequence of these diseases. Basal ganglia pathology has been implicated in OCD raising the question of abnormal iron metabolism in this region. Normally, T2 measures that have been associated with brain iron show a typical shortening with age in healthy individuals. It is therefore possible that this age-related phenomenon might be altered in OCD.
Our goal was to use T2 relaxometry to investigate the possibility that iron concentration in the basal ganglia differs substantively between patients with OCD and healthy controls. Further, we were interested in assessing whether there was an effect of age of OCD symptom onset (early vs. late) on basal ganglia iron concentrations. This focus was motivated by reports showing differences in the clinical phenotype of OCD depending on age of OCD onset. Delorme et al. (2005) showed that age-of-onset of OCD can be optimally described by two Gaussian distributions-one centered at age 11 and the other at age 23 with more cases in the younger than in the older distribution. Individuals with OCD who have younger onset appear to have a stronger familial history of OCD suggesting a heritable component (Grados and Wilcox 2007; Hanna et al. 2005; Nestadt et al. 2000; Pauls et al. 1995; Schooler et al. 2008; van Grootheest et al. 2005) . Also, younger onset appears to be associated with increased frequency of Tourette's syndrome and male sex whereas older onset appears to be associated with a higher prevalence of major depressive disorder and generalized anxiety disorder (Nestadt et al. 2003 (Nestadt et al. , 2008 .
Methods
Participants were 32 patients with OCD (mean age 38.6± 10.7 years, 47% female) and 33 healthy volunteers (mean age=35.2±10.7 67% female). All participants underwent MRI and a retrospective interview with a psychiatrist and a doctoral-level psychologist. The interview involved the Structured Clinical Interview for DSM-IV (SCID) (First et al. 2002) modified to include an estimate of age of OCD symptom onset. The healthy controls were free of significant psychopathology on the modified SCID. Severity of OCD symptoms was assessed using the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) (Goodman et al. 1989a, b) . All participants were also screened for neurological illnesses with particular emphasis on conditions suggestive of basal ganglia pathology (e.g., movement disorders). All participants were recruited at the National Institutes of Health (NIH) and all study procedures were performed there. The study was approved by the NIH institutional review board and all participants provided written informed consent.
Images were acquired on a 1.5 T Signa GE scanner (Milwaukee, WI) with a standard head coil. To standardize head placement in the scanner, gauze-wrapped vitamin E capsules were placed in each auditory meatus. An additional vitamin E capsule was affixed to the left inferior orbital ridge. The capsules were evident on the MRI images and were used to define a reference plane and to aid determination of laterality. A padded head holder was used to align patients' heads so that a narrow guide light would pass through each vitamin E capsule. A sagittal localizer was obtained and, based on this, a multiecho axial dataset was collected. The axial dataset was inspected to determine if all three vitamin E capsules could be visualized in a single slice; if not, the participant was realigned and verified before proceeding with actual data collection.
Relaxometry data were collected using a multi-echo sequence on a single, roll-corrected, axial slice declined to match the plane defined by the anterior commissureposterior commissure (Fig. 1) . This slice included the head of the caudate nucleus, anterior putamen, and globus pallidus including both the globus pallidus interna and the globus pallidus externa (Fig. 1 ). T2 relaxometry values were obtained using a 4-echo sequence, TE=30 ms, 60 ms, 90 ms, 120 ms, TR=2,000 ms. T2 relaxation time was calculated using a mono-exponential three-parameter fit model:
where I is the signal intensity, A is the maximum signal amplitude, TE is the echo time, T2 is the relaxation time and B is an offset signal from the scanner system (Carneiro et al. 2006; Herynek et al. 2001) . As a 4-echo sequence does not enable reliable three-parameter fitting, parameter B was evaluated independently using data acquired from a separate measurement with longer echo times (TE=45 ms, 90 ms, 135 ms, 180 ms). These data were used to reduce the number of fitted parameters to two (A, T2). The effect of ferritin on T2 times varies with echo time; an effect that is thought to arise because intracellular ferritin clusters are so large that the time for water molecules to diffuse past them can be comparable to the echo time (Vymazal et al. 1995b) . As a result, short echo times, while necessary to produce sufficient numbers of spin-echoes for accurate T2 measurement, also tend to underestimate the magnitude of the T2 shortening effect. Therefore, we could not combine both measurements into one fit. Sixteen-echo measurements, which are commonly used for T2 relaxometry at the present time, were unavailable to us at the time of data collection. For brevity, we use the term "T2 values" throughout the remainder of this paper to refer to T2 relaxometry values derived by Eq. 1 above; we use the term "T2 signal" to refer to actual T2 values (i.e., the values input into Eq. 1).
We collected T1 relaxation values to help establish the specificity that any group differences in T2 values are attributable to brain ferritin and not other paramagnetic substances, such as manganese, which has a stronger impact on T1 relaxation than does ferritin (Siger-Zajdel and Selmaj 2002; Vymazal et al. 1993 ) and is associated with both T1 and T2 shortening (Rose et al. 1999) . T1 relaxation used saturation recovery, TR=100 ms, 200 ms, 400 ms, 900 ms, 2,000 ms, TE=15 ms. T1 relaxation time was calculated using a mono-exponential three-parameter fit model:
where I is the signal intensity, A is the maximum signal amplitude, TR is the repetition time and B is an offset signal from the scanner system (Herynek et al. 2001) . For brevity, we use the term "T1 values" throughout the remainder of this paper to refer to T1 relaxometry values derived by Eq. 2 above; we use the term "T1 signal" to refer to actual T1 values (i.e., the values input into Eq. 2). T2 values obtained using this Signa imager using a fourecho sequence are known to be reproducible but are systematically lower than actual T2 values (Masterson et al. 1989) . Similarly, the T1 values measured by this Signa scanner were systematically higher than actual values (Masterson et al. 1989 ). In addition, errors in relaxometry data can arise from cumulative phase shift related to the refocusing pulses (Herynek et al. 2001) . To compensate for these systematic differences, we validated the accuracy of the T2 and T1 measurements using a phantom filled with gelatin and 16 mmol/L solution of dysprosium (III) chloride (DyCl 3 ) which has known T1 and T2 values. The phantom was placed next to the head of participants during scan acquisition (Vymazal et al. 1993 (Vymazal et al. , 1999 . The T1 and T2 measures we obtained using the DyCl 3 -containing phantoms were reliably reproduced in both OCD patients and healthy volunteers (data not shown) and so did not bias the comparison of values in OCD patients and healthy volunteers. The data thereby provide support for attributing T2 signal loss to concentrations of paramagnetic and superparamagnetic substances in the tissue and not to artifacts related to scanner performance.
For volumetric analysis, a 3-diminsional T1-weighted steady state spoiled gradient recalled echo dataset was acquired for each participant with 1.5 mm contiguous sections in the axial and sagittal planes and 2.0 mm sections in the coronal plane. TE=5 ms; TR=24 ms; flip angle=45 degrees; acquisition matrix=256×192; NEX= 1; FOV=24 cm.
Regions of interest (ROI) for evaluation of T1 and T2 values were selected by a single rater blind to diagnosis. Circular ROI were defined bilaterally within the basal ganglia target structures as follows: caudate nucleus: 20 mm 2 ; putamen: 40 mm 2 ; globus pallidus: 40 mm 2 . These ROI were positioned at the anterior margins of these structures to maximize reliability in placement and to minimize variability due to posterior-anterior iron concentration gradients in the brain. A second rater performed all of the volumetric measurements of the bilateral caudate, putamen, and globus pallidus using manual tracing on the 3D T1-weighted volume. This procedure had an inter-rater reliability with inter-class correlations of 0.82 for the caudate; 0.72 for the putamen; and 0.65 for the globus pallidus. Regions-of-interest sampling and volumetric analysis were performed using NIH ImageJ software (http://rsb. info.nih.gov/ij/index.html) (see Figure) .
Statistical analyses were performed using SPSS v.16.0 (SPSS, Inc. Chicago, IL). Statistical analysis on demographic and other background variables included Student's t and Pearson's chi-square tests. As a preliminary analytical step, the Shapiro-Wilks test was used as a test of normality for the T1 and T2 values and volume distributions for each variable in both control and OCD groups. Our main analysis was aimed at assessing the magnitude of group differences in basal ganglia T2 values. To assess the specificity of the T2 effect for brain ferritin and not other parametric substances, T1 values were compared between the control and OCD groups including those with earlyonset vs. late-onset. To preserve statistical power and to minimize the risk of Type 1 error due to multiple comparisons, we calculated effect sizes (Hedges' g) for group differences in T2 and T1 values and volumes in the caudate, putamen, and globus pallidus bilaterally in the OCD vs. control groups. We selected the four variables having the largest between-group effect sizes for further analysis and entered these into a MANOVA with Helmert contrast and post-hoc Tukey HSD tests. Pearson bivariate correlation was used to examine the association between T2 values in the basal ganglia and current age in the two ageof-onset groups. This was also used to test the association between T2 values and Y-BOCS scores in the OCD group as a whole. These correlation analyses were limited only to T2 values as we were concerned only with the association between iron deposition and onset age and clinical severity at the time of scanning. We also used curve estimation procedures to examine the nature of the relationship between basal ganglia T2 values and age of onset.
Results
The demographic characteristics of the samples are presented in Table 1 (note slight differences in some cell sizes due to missing data). The OCD and healthy control groups did not differ significantly by age or sex but the healthy controls had significantly more years of education (see Table 1 ). We did not have a hypothesis about effects of education and thus examined this variable only descriptively and did not adjust our analysis to account for educational differences between groups. The two age-ofonset groups did not differ significantly from each other on demographic variables. The OCD patients were very well characterized diagnostically but Y-BOCS severity scores were not available for eight of them at the time of the MRI scan. The mean (± standard deviation) Y-BOCS Total Score for the remaining 20 participants was 19.45± 6.31 which is consistent with moderate OCD severity overall (Obsession Subscale = 9.95 ± 3.61; Compulsion Subscale=9.50±3.50). The two age-of-onset groups did not differ significantly on Y-BOCS Total Score (t=−.242, p=.812).
The Shapiro-Wilks test revealed no significant deviations from normality for T1 and T2 values. In the control group, significant Pearson bivariate correlations were found between current age and T2 values in the right putamen (r=−.431, p=.012), right globus pallidus (r=−.392, p=.024), left caudate (r=−.439, p=.011), and in the left globus pallidus (r=−.355, p=.043). In the earlyonset OCD group, only one significant correlation was noted between age and T2 values in the left putamen (r=−.524, p=.031). In the late-onset OCD group, the correlation was significant only in the right putamen (r=−.624, p=.013).
Four OCD participants reported having a history of neuroleptic treatment. We conservatively excluded these individuals from the analysis to guard against the possibility that they differed from the remainder of the OCD group. However, examination of T2 values in the four neuroleptic exposed subjects showed no consistent differences compared to the non-exposed OCD patients. Table 2 shows the effect sizes (Hedges g) for differences in basal ganglia T1 and T2 values and volumes in OCD (collapsed across age-of-onset groups) compared to healthy controls. The four variables with the largest effect sizes were (in descending order): mean T2 value in the right globus pallidus (g=0.56), mean T2 in the left globus pallidus (g=0.46), mean T1 in the right globus pallidus (g= 0.42), and mean T2 in the right putamen (g =.41). Correlations between these three variables and Y-BOCS severity in the OCD group were not significant (all p≥.40).
The main analysis compared these four variables in the controls and the early-onset and late-onset OCD groups. Dependent measures in this analysis included the four variables with the largest between-groups effect sizes (as listed above). The overall MANOVA was significant for Roy's Largest Root, Pillai's Trace, Wilks's Lambda, and Hotelling's Trace (p ≤ .045 for all tests). There were significant main effects for T2 value in the globus pallidus on the left (F=4.57 p=.014) and right (F=3.52, p=.036) but not for T1 value in the right globus pallidus (F=1.74, p=.185) or for T2 value in the right putamen (F=2.74, p=.073). Table 3 shows the pairwise comparisons of the significant mean T2 signal differences between the three groups (early-onset OCD, late-onset OCD, and controls). The lateonset group had significantly lower T2 values in the left and right globus pallidus compared to controls (p=.014 and .029, respectively) with large and moderate effect sizes (Hedges g=.83 and .61, respectively) . T2 values were also significantly lower in the late-onset group compared to the early-onset group in the left globus pallidus (p=.049) and the effect size was large (Hedges g=1.13). In contrast, T2 values in the globus pallidi did not differ significantly between the early-onset and healthy control groups. The Helmert contrast showed that the control group had significantly higher T2 values in the right globus pallidus (p=.024) and in the right putamen (p=.042) in comparison to both OCD groups combined. The T2 value in the left globus pallidus was significantly higher in the early-onset group compared to the late-onset group (p=.019). We repeated this analysis using sex as a second dependent variable and found no main effects of sex or sex-by-group interaction on basal ganglia T2 values.
To examine the nature of the associations between age and iron content in the basal ganglia more closely, we performed an analysis of linear vs. quadratic effects between age-of-onset and T2 values in the left and right globus pallidus only in the OCD group (collapsed across age-of-onset). Linear effects were not significant for either the right or left globus pallidus (p>.36). Quadratic effects were significant in the left and right globus pallidi (p=.001, .002, respectively). Examination of the plots suggests that T2 values declined with increasing age-of-onset until about age 20, whereas those with onset after age 20 tended to have higher T2 values.
Discussion
Our results show that compared with healthy controls, patients with OCD have a significant decrease in T2 relaxation values in the globus pallidi suggesting increased iron deposition in these structures. This decline was driven by those with late-onset OCD: T2 relaxation values were lower in the globus pallidi of OCD patients with late-onset compared to controls and, for the left globus pallidus only, compared to the early-onset group. In contrast, there were no significant differences in T2 values between the early-onset and control groups in any brain region assessed.
Abnormal basal ganglia iron concentrations and changes in T2 relaxation rates have been associated with various neuropsychiatric disorders including Hallervorden-Spatz Syndrome (Drayer 1989) , Parkinsonian disease (Bartzokis et al. 2004; Loeffler et al. 1995 ), Huntington's disease (Bartzokis and Tishler 2000) , Alzheimer's disease (Bartzokis and Tishler 2000) , tardive dyskinesia (Bartzokis et al. 1990 ), neuroaxonal dystrophy (Chiueh 2001) , multisystem atrophy (Vymazal et al. 1999) , and multiple sclerosis (Drayer et al. 1987) . Also, one prior study demonstrated shorter T2 relaxation times in insular and frontal white matter in patients with Tourette syndrome (Peterson et al. 1994) and g Hedges g; GP globus pallidus; Pu putamen; CN caudate nuclei; R right; L left another showed a relationship between serum ferritin and putamen volume (Gorman et al. 2006 ). This finding is particularly relevant for the current results given the high cooccurrence of OCD in Tourette syndrome (Como et al. 2005) . In light of the previous findings showing lower T2 relaxation values in Tourette syndrome (Peterson et al. 1994 ), we examined the potential impact of the presence of tics on our results (data not shown). Only eight participants had tics and all were in the OCD group. In an exploratory MANOVA, there was no main effect of tics and no interaction effect between OCD and tic status on T2 values. To our knowledge, our findings are the first to show evidence for decreased T2 values in the globus pallidus in patients with OCD. The T2 effect might be due to excess deposition of ferritin, hemosiderin, or both. Ferritin has a small effect on the T1 signal, while hemosiderin has no effect on T1 likely owing to it being insoluble (Vymazal et al. 1999) . Our results showed no significant shortening of T1 in the patients, suggesting that the T2 effect in the globus pallidus might be primarily due to hemosiderin. Irrespective of the question of which paramagnetic substance is responsible, our results to suggest that age of symptom onset in OCD is associated with an alteration in iron deposition in the globus pallidus.
Consistent with anatomical models and with prior case reports linking globus pallidus lesions to the onset of OCD symptoms (Demirkol et al. 1999; Escalona et al. 1997; Laplane et al. 1989) , our results support a role for the globus pallidus in the neurocircuitry of OCD. Such a role is not entirely unexpected given that the globus pallidus gives rise to the main output (inhibitory) of the basal ganglia to the thalamus (Blumenfeld 2002; Larson et al. 1982) . Thus, the globus pallidus is a key component of the fronto-striatothalamic circuits implicated in the pathogenesis of OCD. Given what is known about this circuitry, dysfunction in the globus pallidus might act to disinhibit the thalamus resulting in increased excitatory drive within frontostriato-thalamic circuitry. Our results also suggest a link between iron metabolism in this structure and OCD symptoms. The most interesting finding is that this association between iron levels in the pallidum and OCD was significant only in patients who had symptom onset after age 11. T2 values in the early-onset group were intermediate between the late-onset and control groups. This pattern of results suggests an interaction between age of OCD onset and extent of iron deposition in the globus pallidus. However, ours is not the first to suggest an interaction between basal ganglia iron concentration and age-of-onset of neuropsychiatric disorders (Bartzokis et al. 2004) .
Our results are interesting in the context of evidence of phenotypic and heritability differences between early-onset compared to late-onset OCD (Delorme et al. 2005; Grados and Wilcox 2007; Hanna et al. 2005; Nestadt et al. 2000; van Grootheest et al. 2005) . They raise the possibility that iron accumulates more in the basal ganglia of individuals with later symptom onset. This suggests that age-of-onset should be considered in neuroimaging studies of the illness. To be clear, however, our findings provide evidence only of a differential association between iron deposition in the globus pallidi and age of OCD symptom onset. Our results provide no basis for determining how iron might be involved in the pathogenesis or pathophysiology of OCD. Resolving this issue poses a difficult problem because it requires identifying and imaging OCD patients before the onset of symptoms. However, longitudinal tracking of T2 signal decay in OCD may help to determine whether iron accumulation in the globus pallidi changes over time and whether those changes may be related to specific symptoms and their severity. The potential importance of iron metabolism in OCD is highlighted by a very recent report (Carneiro et al. 2009 ) that found a role for serotonin signaling in iron homeostasis in the basal ganglia, which in turn affects dopaminergic mechanisms. Both serotonin and dopamine have been implicated in OCD pathophysiology and mechanisms of treatment action (Denys et al. 2004a, b; Greenberg et al. 1997) .
With regard to basal ganglia volumes, prior MRI studies in OCD have had mixed results. There are reports of both decreased and increased caudate and other basal ganglia structures in both adults and children including both region-of-interest and voxel-based morphometric approaches (Carmona et al. 2007; Gilbert et al. 2008; Jenike et al. 1996; Robinson et al. 1995; Rosenberg et al. 1997; Scarone et al. 1992; Szeszko et al. 2004 Szeszko et al. , 2008 Yoo et al. 2008 ) and several studies showing no differences (Rotge et al. 2008) . A meta-analysis (Rotge et al. 2008 ) and a critical review (Ferrari et al. 2008) failed to demonstrate consistent differences in basal ganglia volumes in patients with OCD. Our results align with these findings in that we found no significant between-group differences in basal ganglia volumes. The OCD patients in this study were well characterized in terms of diagnostic confirmation, specific symptoms, and age of symptom onset. Age-of-onset information was obtained retrospectively which typically poses a risk of misclassifying patients into the earlyonset and late-onset subgroups. This might have masked our ability to detect any true differences in basal ganglia T1 values between these two subgroups (e.g., a Type II error). However, there was relatively little overlap in the distributions of age-of-onset (data not shown but see means and standard deviations above) suggesting that the risk of such an error is relatively low. That is, it seems reasonable that patients might be expected to misstate the age of symptom onset by a year or so but not by many years, which would have had to occur in this study for this result to be a Type II error. Moreover, our approach is similar to those used in other studies, including those with much larger sample sizes (Samuels et al. 2006) . Further, it is difficult to imagine how recall bias regarding age-of-onset of symptoms could systematically impact the neuroimaging findings we report here.
We did not obtain serum ferritin levels at the time of scanning. The precise relationship between serum ferritin and brain ferritin concentrations have yet to be clarified. Still, future studies should measure serum ferritin in concert with brain T2 values as a means of shedding light on general iron metabolism in patients with OCD.
The results of this study could have been more precise if more and thinner slices had been taken through the basal ganglia. Doing so would have allowed us to obtain T2 measurements from the globus pallidus externa and globus pallidus interna separately. Such data could help clarify the precise association between iron concentration and OCD in terms of the cortical-striatal-pallidal-thalamic circuitry implicated in OCD. Additionally, we recognize that our 4-echo T2 relaxometry sequence has limitations compared to the more sensitive 16-echo sequences that are used currently. As noted, such sequences were not available at the time the data were collected. However, we obtained significant results even with this less sensitive sequence.
Using a 16-echo sequence might have allowed us to detect group differences in T2 values in basal ganglia structures other than the pallidum, and possibly between the earlyonset OCD group and controls.
While the possibility that our T2 results reflect factors other than iron (either in the form of ferritin or hemosiderin) cannot be ruled out entirely, there is wide acceptance that T2 shortening is due mainly to ferritin (Gossuin et al. 2004a, b; Vymazal et al. 1995a ). We and others have previously provided strong evidence for a specific association between iron and T2 shortening in the globus pallidus (Allkemper et al. 2004; Bartzokis et al. 1993; Drayer et al. 1986; Vymazal et al. 1995b) . Factors other than iron that can affect T2 shortening include magnetic field strength, the echo spacing used during acquisition, thermal effects arising from repeated echoes, the water diffusion coefficient, and the size of the ferritin structure (Carneiro et al. 2006; Vymazal et al. 1995a Vymazal et al. , b, 1999 . These alternative factors are unlikely to explain the differences we observe here since the imaging technique was held constant for all participants irrespective of group membership, and water diffusion and ferritin size should not vary systematically across these groups. The presence of paramagnetic substances other than iron could cause T2 shortening. For example, manganese has been shown to collect the basal ganglia but it typically has a strong effect on T1 relaxation time (Siger-Zajdel and Selmaj 2002; Vymazal et al. 1993) . Our data showed no significant T1 shortening suggesting that the reduced T2 values observed in our OCD sample were not due to manganese. Copper has also been shown to have an effect on MRI signal as described in the case of Wilson's disease (Sudmeyer et al. 2006 ), but it is very unlikely that copper had an impact on T2 values in our study, since Wilson's disease, which is genetically determined, was not observed in any of our participants. Therefore, we think it is most likely that the T2 shortening we observed in the globus pallidus in the OCD group is due to iron and not other factors.
In summary, our findings provide evidence for increased iron deposition in the globus pallidus in patients with OCD and suggest effect modification by age-of-onset with higher concentrations in those with later onset. Future studies should examine this association in a prospective manner, and with more subjects, in order to replicate and further delineate associations among MR T2 relaxometry, brain iron deposition, and OCD.
